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Summary 


During th 9 contract period we have constructed an ASCI 3 
epitaxial systeai used to provide buffer layers for our FET struc- 
turer , we have developed a submicron lithographic processes using 
deep U.V. techniques and, employing ther.- techniques we have pro- 
duced working .5 n;icron gate devices. In addition, we have con- 
tinued our developing of submioron nixer diodes. In additio.n, we 
have investigated the "gettering” of substrates as a technique to 
improve the mobility of ion implantated layers. The result of 
this experiment showed was a correlation between improved hall 
mobilities and gettered substrates. Finally, several theorecti- 


crl studies are reported. 


Matenlals Development 


In section A, we will report on the progress in develop- 
ment of a ASCI 3 system for the production of high quality buffer 
i active layers for our microwave devices. It is anticipated 
that the ASCI 3 material will provide thick buffer layers for iso- 
lating the substrate effects while growth technologies such as 
M3E will provides the thin critical active regions. Part B of 
tnis section concentrates on our gettering experinents on GaAs 
substrates for direct ion implantation applications whi-e, part C 
reports on the status and capabilities of our recently acquired 
?1BE system. 
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A 


Project Status of CVD Reactor 


Introduction 

We report here the status of our redesijnsd halide trans- 
port VPE reactor and results obtained to date. This effort 
parallels construction of a pyrolytic CVD reactor now completed. 

As previously :nentioned , GaAs FET perforiiance shows a 
great dependence on submicron doping thicking products, backround 
impurities and substrate proper^.? es , The system is designed to 
grow thick (greater than 10 micron) high-resistivity buffer 
layers which isolates our FET devices from substrate related 
problems . 

The achievement of high resistivity buffer layers has 
been well demonstrated in the literature to require use of the 
well known ’’mole fraction effect” first described by Dilorenzo 
and Moore in 1971. A two bubbler systems similar to that of Cox 
and D; lorenzo (1971) is adapted, but with C3"tai*, changes and 
simp?i.ificationn . 
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VPE System Technolog y 

A systematic outline of our system as originally desig- 
ned is shown in figure ( 1 ). It was at first intended to demos- 
trate high-purity and reasonable process control with a simple 
reactor design. Systems improvements were later added as they 
proved necessary. 

The original design was a teflon plumbing system using a 
continuous hydrogen purge to avoid adding reactor bypass valves 
as a possible source of contamination. The use of teflon is in- 
tended to minimize the presence of any metallic impurities, as 
well as decrease the ’'memory effect” of any system reagents. 

This teflon plumbing and buffer valves still seem to be a useful 
system feature and were retained in use. 

The first growths utilized ASCI3 obtained in pre- 
packaged plug-in bubblers from Apache Chemicals, Inc. These 
ASCI3 i^k^^blers were designed to' plug into solid-state temperature 
controllers also manufactured by Apache chemicals, Inc. This was 
deemed co be a valuable feature which would minimize toxic 
hazards associated with loading the CVD system with ASCI3, 
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experienced many hardware problems with these temperature con- 
trollers, After being sent several updated versions, we have 
only this year obtained models which work as prescribed. 

To cheek the reactor kinetics 45 grams of liquid Gallium 
as source material was loaded. We then attempted source satura- 
tion at 82QOC and observed the saturation time and otner charac- 
teristics, lie found it necessary to add a source baffle to in- 
crease source saturation efficiency. Growth parameters of liquid 
source runs 3 thru 5 are shown in Table I. 

The source boat was later loaded with approximately 40 
grams of crushed GaAs as a solid phase source. Solid sources 
have been found to offer better thickness control, without the 
troublesome source saturation/otch cycle of liquid sources. Bat- 
ter surface morphology is also observed. 

Initially we used as source material the upper "cone" 

\ 

portion of BridgetrJ^n process semi-insulating GaAs crystals pro- 
vided by Cominco, Inc. This solid source material was used in 
growths under a variety of reactor temperatures, carrier gas 
flows, and bubbler temperatures shown in Table I, ri.'n.s 7 thru 21. 
Over certain parameter ranges good morphology and thickness con- 
trol were obtained. Certain growth and hardware problems were 


encountered which w. attacked with several design changes. 
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Figure 2 


V/s decided to reduce tile nortnal buildup of reaction by 


products at the sxit end of the reactor tube by use of a hydrojen 
counterflow system. This build up could produce particle con- 
tamination. Several endcap designs were tried in which the sub- 
strate holder, dump tube and endcap were fuzed into one quartz 
containment assembly as shown in figure (2). The solid-source 
was changed to sealed-vessel synthesized QaAs dices supplied by 
Morgan Semiconductor for the runs remaining runs after run //20. 
This high purity source material gave only a superficial improve- 
ment in the electrical character istics . Subsequently we were 
able to eliminate the solid source as a cause of the extrinsic 
compensation since no source, temperature or other growth 
parameter dependence was observed. 

While at this point the faulty temperature controllers 
were still being used, it was suspected that the ASCI 3 itself was 
contaminated and causing the. epllaysrs to become heavily 
compensated . 

The ASCI 3 was returned in the plug-in bubblers to the 
manufacturer for analysis. Flame spec trochemlcal analysis 
revealed approximately SOppm Fe, 20ppm Si and a few ppm traces of 
Mg and other elements. The rource Fe levels are very consistent 
with the electrical characteristics observed in the epilayers. 



Fe backroundfl generally In the 10"8 .nole fraction range will 

yield high resistivity layers with :nobilities of approximately 
* • 

1000-2000 c.t)2 V-^Sec””!. tentatively concluded, therefore, 
that our low mobilities and high resistivities were caused by 
unintentional incorporation of bubbler Fe due to contaminated 
As Cl 3 . 

System Modifications 

To alleviate the above difficulties we have made changes 
in our source materials and proccess. The most important of 
thesf) by far is the use of good quality ASCI 3 obtained from 
other domestic manufacturers.^ We will fill our plug-in bubblers 
with the pure ASCI 3 demonstrated in the field as having the 
requisite purity. 5 This change alone is expected to solve most 
of the compensation problem. 

The reactor tube itself has been modified extensively. 

At the inlet side a vacuum chamber thermally isolates the inlet 
tubes from the source region. This aids greatly in reducing any 
premature thermal decomposition of main or bypass injection line 
reagents. As already shown in figure (2), the substrate holder, 
dump tuba and endcap were fuzed into one assembly for maximum 
leakage integrity. Mot shown in the new flat 0'*ring joints which 
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will replace the taper joints used so far. 

Up until now rotameters were used for main and bypass 

hydrogen gas metering in an initial attempt to keep costs low. 

These have been replaced by electronic mas'ii flow controllers 

which will give superior accuracy. 

The original plan to use Fe or Cr solid-phase doping for 

the high resistivity buffer layer has been scrapped in favor of 

* • 

more promising methods. Combinations of the mole fraction effect 
and addition of oxygen during growth have been observed to sup- 
press incorporation of backround impurities ^*7, This oxygen get- 
tering occurs without the memory effect caused by contamination 
of the tube when heavy metals are introduced as hi-rssistivity 
dopants. There is also evidence of deep oxygen donors further 
serving to reduce the free carrier concentration. We will study 
other methods of introducing oxygen into the system, e.g., using 
COg gas, without adversely affecting the mobility of the epi- 
taxial active layers. 
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Summary 

.Ve conclude frOiH the studies completed thus far that the 
more conventional designs for ASCI3, which our redesigned system 
more closely resembles, are best used for th-i growth of high 
purity GaAs buffer and active layers in conjunction with "clean'* 
gettering techniques such as oxygen injection. Various oxygen 
compounds such as CO2 and CO will allow batter oxygen incorpora- 
tion and at the same time Introduce small quantities of deep car- 
bon acceptons to more adequately compensato shallow Si dcnor and 
other acceptor levels. The mole fraction effect shows great 
promise in further dopant suppression when used in conjunction 
with the oxygen incorporation . 

With this considerations taken into account we believe 
this modified approach is a much more fruitful method to reliably 
produce hi-quality epitaxial GaAs. 
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B 


Ion laplantatlon 


Seml-inttulating gallium arsenide grown by liquid encap- 
suled Czochralski (LEC) method has been plagued by a number of 
problems. For example, heating LEC substrates at typical anneal- 
ing and growth temperatures (700-900®C> frequently proceduces a 
highly conductive thin layer near the surface. This phenomenon 
is usually accompanied by poor reproducibility of carrier con- 
certrations, low mobilities, and photoluminescence changes. We 
have began to study this and other problems related to GaAs sub- 
strates for direct ion implantation applications. A simple ”get- 
tering” technique that employs heat-treatments at 300® for 24 
hours in flowing H 2 with an overpressure of As provided by InAs 
was used. An outline of our gettering experimental procedure is 
provided in table #2 on page 15 of this report. 

Routine hall measurements were taken at room temparature 

and 77®K. The hall samples employed the standard Van der Pauw 

technique with clover-leaf shaped samples. Contacts to the 

specimen are made with tin beads alloyed to the leaves, which in 

I 

turn provide edge contacts to the central part of the sample. 

For our purposes, the carrier concentration and the mobility are 
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particiilary Important value?:, and can be obtained from these 
measurements . 

The heat treated or "gettered" implanted and annealed 
layers typically showed a higher room temperature and 77®K 
mobility. The improvement in mobility varies from wafer to wafer 
and is shown in the figures (3a) and (3b) of mobility vs sub- 
strate or boule number. For instance, Q9 showed at 3535 improve- 
ment while Q11 showed no improvement. The wide range of data 
reveals the large differences in the substrate properties, 
residual impurities, and trap concentrations. 

Standard photoluminescence spectra were also obtained 
for both the gettered and ungettered layers. The PL. was per- 
formed at 7®K using a Argon layer at a power level less than 
lOOraw, The luminescence radiation was dispersed by a 3/4 meter 
grating monochromator and detected with a LNj cooled photomul- 
tiplier using phase-sensitive detection. The resulting PL spec- 
tra of the gettered samples exhibited a reduction in the Mn and 
Cu peak intensities. This result is illustrated in the PL spec- 
trum of Q3 and Q4 (figure 4). 

SIMS analysis experiments were performed on ungettered 
and gettered samples at Cornell University. The SIMS analysis 
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revealdd the presence of several residual impurities. These im- 
purities : Carbon, chromium, boron, managanse, copper and magne- 
sium were clearly present in the 70^^ - 10^5 range. In addition, 
we ooserved outdiffusion for the substrate of copper, managenese, 
and magnesium. These results arc shown in figure (5). 

Electrically DLTS results figure (6) on schottky bar- 
riers diodes formed on the gettered and ungettered layers reveals 
an increase in the EL2 level and a reduction in the broad shallow 
peak. Ve believe that this broad peak is related to the presence 
of several residual impurities. 

In summary, we have concluded from the studies completed 
that LEC substrates can be Improved by heat treating. There 
are, however, a couple of precautions: 1) It is necessary to 
remove all of the gettered layer and, 2) provide an sufficent 
overpressure of As. This work was presented at the Electronic 


Materials Conference held at Santa Barbara. 


GETTERIHG EXPERIMEtITAL PROCEDURE 


TABLE n 


POLISH SUBSTRATES 

DIVIDE POLISHED SUBSTRATES INTO HALVES 

BAKE ONE HALF OF THE SUBSTRATES AT 
3000 poR 24 HOURS 

POLISH BOTH SIDES OF THE GETTSRED SUBSTRATES 
(REMOVE 35 mm) 

STANDARD CLEAN 

IMPLANT 

Sj29 5.09 X 1011 40 XV 

9.03 X 10l1 110 XV 

4.5 X 10l2 200 XV 

ANNEAL AT 300OC FOR 30 MINUTES IN A CAPLESS ANNEALING SYSTEM WITH 
FLOWING H2 

COMPARE ELECTRICAL PROPERTIES 
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Molecular Beam Epitaxy 




c 


We have a acquired and Installed a MBE systen. We an- 
ticipate that this system will be used to grow the critical 
layers for our FET structure. With MDE capabilities it will be 
possible to investigate normal GaAs FET's as well as the high 
electron mobility structures (HEMPT). We anticipate that we will 
be growing both single as well as multiple interface HEMPT 
devices. Our machine has the capability of growing on 2 inch 
substrates and we can load up to six wafers in a single pump 
down. We are presently baking out the furnaces in preparation 


for our first growth. 


Lithography 


One of our principal problems during this work has been 
the development of our lithographic techniques. This section 
will summarize our efforts. 

At the beginning of the contract a FET mask sat and a tost 
pattern ware fabricated at the National Submicron Center located 
at Cornell University. The best resu.lts were obtained using a 
wet chemical etch. The smallest resolved features of the masks 
have linewidths of better than 0.25 microns. We than went 
through a period of considerable axperimentation with the expo- 
sure and development parameters. Our final process consists of a 
two layer photoresist technique utilizing a co-polymer of PMMA 
and PMAA. The PMMA was used as the imaging resist and develops 
more slowly, the co-polymer was used to form a lift off lip 
similar to that shown in figure (7). Our final process is sum- 
marized in Table III. Examples of our better gate lift off are 
shown in figures (8), (9) and (10). 

The key element that we found necessary to reproduceably 
form .5 micron lines was to obtain ’’good'* co formal contact 
between the mask and the GaAs substrate. In order to ascertain 
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Calibration mark is one micron 
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whether we are had contact a quartz plate wan uned. The nubntrate 
was observed through a quartz plate the same size as the mask. 
Figure (1) is representative of the type of contact we were able 
to obtain. On the areas where no fringes formed we observed a 
darken region which were the areas where we obtained good con- 
tact. We found excellent correlation between these contact areas 
and production of high quality lines. As indicated in Table III 
one of the process steps is dissolving the resist by using a Oj 
plasma. For this process we have calibrated the etch rate in a 
barrel plasma reactor and this is illustrated in figure (12). 


13 — 



Etch Thickness 







TABLE III 


Proccea Summary for two layer photoresist 

1. Cleaning and Degreasing 

2. Dakeout in Air at 200^0 for 30 min. 

3. PMMA - PMMA Copolymer 

is spun on at 5000A® thickness 

4. Bakeout at 160°C for 45 min 

3. is spun at 3000A® thickness 

5. Bakeout at ISO^C for SO min. 

7. VJafer is placed under quartz plate to check confor 
mal contact 

3. Contact adjustment 

9. Mask position checked and wafer exposed for 3 minutes at 
a lamp intensity of 19.3mw/cm2 


10. 3atnple 1« developed in solution of 2 parte Propanol 1 

part Toluene 

11. Oxygen Plasma Clean-up 1 mini;te at 100 uatts a 1/2 torr 
pressure 

12. Sample is now ready for metallization 
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Device Structure and Results 


In this section, we will sunmar i zies our device results. 
Since as mentioned in a previous section our vapir systems were 
not fully operational all of devices results are on ion implanted 
.-naterlal. This material was baked out in order to attempt to 
getter residual impurities. 

Our first submicron structure attempted to illustrated our 
lithography technology using a self aligned Ti/Au gate. In this . 
structure the gate was deposited first and the source and drain 
were aligned around the gate. This structure was alloyed with 
the gate in place. We found it necessary to deposited a minimum 
of 2000'A of Ti, to provide adequate protection during our 
source/drain alloying process. In the future, we intend to ex- 
periment with Pt as a barrier metal. Using this fabrication 
sequence we have fabricated working devices. Data and pictures 
for representation devices are shown in Table IV and figures 
( 1 3) > ( ,and (15) respectfully. We observed some problems 
with edge effects on the ohmic contact metal i zation layers. V/e 
bellewe these problems can be corrected by the addition of nickel 
to the metal Ization system. 
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Figure 15 

characteristics of .5 micron FET (top) 
characteristics of gate of FET (bottom) 
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After demonstrating working devices we proceeded to 
develop a standard process for our short gate FET exper iments , 

In this structure again the gate is deposited first then a "T” 
structure is formed by selectively etching the Ti in a CF4 plas- 
ma. This is followed by a blanked evaporation of Au-Ge. 

The source drain regions are then defined making this 
structure a self aligned gate as well as self aligned source 
drain structure. We anticipate that this structure should lower 
the parasitic resistance in the source region enough to enable 
isolation of the effects of gate length on device performance. 
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Table IV 


D,C. ChdracteriRtirr of reprer-entdci ve ,5 micron Fsr'r 


Gate ideality factor 1.3't 

Built in sate barrier , i'B'iev 

oource resistance 58 ohms 

Drain resistance ohms 

Pinch off voltage 3.75 volts 


Tr an SCO nd uc t a nr e 


73.2 mseirnens 



MIXSR RESULTS 


The results of our mixer effort are summarizied ir the fol- 


lowir? publieatior 


Theorectical Studies 


Ws have Investigated several areas related to FET devlre 
perforraanoe . The details of these investigations appear in the 
following papers. 


- 25 


Coupling activities 


As reported in the intarai reports we have had several cou- 
pling activities with other government laborator ies . V/ith Harry 
Diamond Laboratories we have fabricated ohmic contacts on super- 
lattice structures. </ith the Naval Reasearch Laboratories we 
have been investigating the annealing and characterization of 
high energy implants. In addition, we have been investigating 
DLTS spectra of irradiated materials , One of these irradiation 
studies has been concluded and a paper is attached. Finally we 
have begun to establish a relationship with the University" of 
Virginia, We will supply them with MBE layers for the purposa of 
fabricating mixer diodes they in turn will aid us in our develop- 
ment of mixer technology. 

\ 
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Abstract 

Whereas imjjiroyeme&t of the interface between the active layer and 
the buffer layer has been deoonstrated, the leakage effects can be 
important if the buffer layer resistivity is not sufficiently high 
and/or the buffer layer thickness is not sufficiently small* Ve find 
two buffer leakage currents exist from the channel under the gate 
to the source and from drain to the channel in addition to the buffer 
leakage resistance between drain and source. Zt is shown that for 1 jx 
gate*length n-OaAs HBSSEST if the buffer layer resistivity / is 12^«sm 
and the buffer layer thickness h is Zji, the performance of the device 
degrades drastically. Ve suggest that h should be below Z 


I. Zatroduotlos 


She mala advantage of using a Iroffer layer la a-Gals H£S7£!C Is 

that the Interface between the active layer and substrate eaa be 

Improved# Eowever* since the buffer layer placed between the active 

layer and the substrate has ‘^hloimess of several, microns and resistivity 

much higher than that of the active layer and lower than that of the 

substrate t leakage currents imy flow from and to the active layer 

« 

through the buffer layer due to Its lower resistivity* The leakage 
effects on dhvloe parameters and In partloular on device performance 
will be examined In this work* 

In previous works dealing with leakage In a seml-lnflnlte substrate 
(Lleohtl» 1976 and Reiser, 1973) the model of the leakage current 
was considered simply as a leakage resistance between the source and 
drain* Wnereas thir simple model Is useful for explaining the effect 
of the leakage resistance on the Z-7 characteristics, a mere detailed 
model Is desirable* In this work we have considered the leakage 
problem of a finitely thick buffer layer and mads detailed calculations 
which enable us to present a better model* In addition to the drain- 
to-soasca J.eakage resistance, the channel-to-souree and drain-to- 
channel leakage currents axe included in our model, Furthermore we 
have considered in our model, the ^sarylng channel potential which 
Is of Importance for short gate 7BT* 

In order to simplify the osculation, we have neglected the 
possible effects of Interface trapping and the space charge* Also 
we assume that the diffusion current from the active layer to the 
buffer* layer is negligible and that the transverse field In the ’Channel 
Is much smaller than the longitudinal field sc that the voltage 
along y->dlreetlon(traasverse direction) can be considered to be the 


same across the ohaaael* Shis Implies that the voltage oa the ohaaael- 
gate interface is the same as that Ca. the chazmel-huffer layer 
interface under the gate* Shus a virtual gate eleotrode(see Fig* 1) 
can he assumed to exist along the interface between the active and 
buffer layer* la addition it is assumed that the gate-drain and gate- 
source spaoiag are negligibly small. Based upon these assumptions 
it is therefore possible to deal with merely a statlo field problem 
la the buffer layer* Along the interface between the buffer layer^ and 
S. I. substrate, no leakage is assumed to exist, i*o* the substrate is 
assumed to be a perfect insulator; Leakage occurs only in the buffer 
layer and its Interface with the active layer* 

By solving the field problem with the help of conformal mapping 
we can oaloulate the buffer leakage resistance r^g^ and the two 
leakage current soufoes and on using superposition principle 

for current on the three electrodes (Sec« II)* With this model in 

« 

mind we derive the equivalent circuit including the leakage effect 

0 

from which the h-parameters for the device with and without buffer layer 
can be determined* Ihe performanoe parameters such as gains and Fm^v 
can be obtained and compared for HBSFEI's with and without buffer 
layer (Sec* III)* numerical results and conclusions are presented in 
sections 17 and 7* respectively* 
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II. InalyslB of LeaJsage in.ements 


Ve will derive Hhe leakage eleaents» l.e., leakage reelstanoe and 
the leakage ourrent sources » hy solving two-dimensional laplaoe 
equation for potential dlstflhutton In the buffer layer with appropriate 
boundary oondltlons set on the Interface between the active and 
buffer layers. In Flg.1^ s' andr 2>' are the virtual source and drain 
electrodes and a* Is the virtual gate electrode on which the voltage 
varies along s-dlrectlon due to voltage variation In the channel* 

Since the field solution asslolated with Fig^iiwlth finite buffer 
layer thickness h Is difficult t we will use conformal mapping three 
times to transform this original structure (A) to the parallel plate 
structure (o) as shown In 71g*2-b from which the field and potential . 
can easily be obtained* 

As shown In 71g*2-a (structure A) s' an<* D* are the virtual 
source, gate and drain, respectively where source and drain are 
extended Into infinity along ±z and* the buffer layer has a finite 
thickness h. Structure A can be confomally mapped Into structure s' 
(Ovemeyer, 1970) with the transformed dimensions given by 

where a^. Is one half of the given gate length* A further transformation 
gives structure B with new dimensions as given by 


or 


^2 _ 1 
®2 '5 



(3> 

(♦) 


, ,1 .. , -^T:- " “ ^ 

From atraoture B the final parallel«plate atruoture (c) la obtained 
again b 7 using oonfermal mapping (Okoro» 1980). From struotiire o ve hare 

Ii>2E(p) (gate length) (5) 

'Z«e'(p) (buffer layer thloknesa) (£) | 

' i 

where K<ip) and E (p) are the elliptical Integral of the first kind 
and p la given In (4)* | 

When bias voltages are applied to the gate and drain* the channel | 

potential will vary along the longitudinal dlreotlon(from S* to s'). 

As a result of conforftal mapping the field variation la preserved. in 

the various structures. The virtual gate potential distribution In 

the original 8truoture(struoture A) can be approximated by two linear 

regions based on the model of Fucel* 1979 (see also Vang* 1979) as 

shown In Fig. 3 wheie Vq( 0)»0, VQ(ot)«7p and 7Q(2a^)»7pg where 7^ and 

7us are the plnch-off and drain to source potentials* respeotlvely * 

la the position of pinch^off point and 2a.| la the total given gate • I 

§ f 

length. She virtual gate potential distribution on struoture C can 
be transformed.from.Flg. 3 into Fig. 4 by requiring that the source* 
plnch-off and drain voltages remain .Invariant* l.e. 7 q(0)«0* 7q(m)«7p 
and 7 q(2K(p))«* 7^ Where l«2Z$p) Is the length of the parallel-plate j 

structure (C). In region I of Fig. 3 we have 

7Q(x)-m.jX (7) 

where m.,»7p/o< and In region I of Fig. 4- we have 

7^)«m![x 04iX^^' (8.) 

where m^«Tp/o( . But 


( 9 ) 


from wblola m^ oaa be obtained and is given b7 

^T% 


( 10 ) 


Slmllarl 7 In region II of Fig. 3 we obtaine . 

7q(x)*^(x-o«)+7p e<Zx^2a^ (11) 

where m2*(7jjg-7p)/(2a^-«C) , and in region II of Flg-4 wo obtain 

. 75(3t)-m^(x-oc)+7p OC^x^ZIip) (12) 


where 


, 2a,- <X 

® 2*®2 


(13) 


The parameters for the two linear-region approximation of gate . 
potential distribution are summarized in table 1. 

Here we will make use of superposition principle: bj which we will 
blcck one of the three electrodes »i..6.» source, gate, or drain, at a 
time and calculate the leakage element so that the three leakage 
elements, i.e., r^,^ , I^ and I^, oaa be determined from the final 
parallel-plate structure^ 

A. Leakage resistance 

leakage resistance is defined as the resistance between sou^e 
and drain when the gate electrode is blocked, i.e., there ia no 
current flow on the gate or (^7/^7)|y^^-0 as shown Fig. 5. Therefore, 
the structure reduces to a parallel-plate structure in which the 
leakage resistance between drain and source is given b 7 




(U) 


where f is the re 8 lstlvlt 3 r of the buffer layer* 2Z(p) is the distance 
between drain and source and A is the cross-sectional area which is 
given by 

A*k'(p)z (15) 


where z is the width of the structure (in z direction)* Thus the 
leakage resistance r^g^ in (14) becomes 


'dsb 

B* Leakage currents 


JL ggfp) 
“ 4p) 


(16) 


Le«^kage between the gate and source* and between the drain 
gate ai.>e modelled as two leakage sources and 1^^* iiutead of two 
resistors* because on the gate» the voltage varies. along z-direotion 
and therefore uniform leakage resistances can not be defined* On using 
the superposition principle is obta.'Lned by calculating the voltage 
distribution in the structure C with the drain electrode being blocked* 
and is obtained with source blocked* 

(i). Source-to-gate leakage current 

The structure C when the drain is blocked is shown in Big. 6* Vote 
that there is no leakage between the buffer and t^he S-I substrate* 

The general eigen solution of Laplace equation as Applied to Fig* 6 
in given by 




Using the boundary conditions' shown in Fig*6*i*e«* 




( 18 ) 




^V^(x,y) 


( 19 ) 


y*0 




■u 

i(x,y)| 


2E$P) 


E Cp) 


( 20 ) 


( 21 ) 


where 7 q(z) is the channel and therefore the buffer layer potential* 
The potential distribution in the buffer layer can be obtained and is 
given by 


7(x,y)* 




Z. ■ 


xiffOdd cosh 


where 


or from Fig* 4 


|K(p) 




Sin a££ ooab 

4K?p) «(p) 


(25) 


,/s(p) 

. W-nll- JjoW3i» S <!». ho(x)slb ^ dx 


4K(p) 


4K(p) 


(24) 


Substituting the appropriate values of 7q(x) as shown in (a) and (12) 
into (24) » we obtain . 

iia . 


“““ (®5) 


The total leakage current in given by 

/•K(p) 

.9 I x»o 


(26) 


I where a is the width of the structure and S is the resistivity of the 


8 ~ 




Isuffer layer. On using (22), (25) and (26) the total leakage current 
from the gate to source can he obtained and la given by 


^OS 


/K(p) 



(27) 


(li). firain-to-gate leakage current 


The structure c when source Is blocked is shown in 7ig»7» Pig.7-a 
shown the drain is biased at This is equivalent to the situation 
as shown in Fig. 7-b from which a solution similar to that in the 
previous subsection oan'-rbe obtained. Thus using boundary conditions as 
shown in Fig.7-b, we have 


K(p).7(x,y)- 

i 



cos 


nVx 

TOT 


cos 



<28) 


where u^ is given by 



uTtx 

TOT 


dx 


( 29 ) 


On using the appropriate values of 7q(x) given in (8) and (72) in 
(29), we obtain 




* 


n'Koi 

TOT 



(30) 


And the total drain to gate leakage current is given by 

..ktp) 

® Ix^Z(p) 


dy 


(31) 


or 


X* - 8 

^ TOT 



niBOdd 


Via ^aah[a^ |[|^j ( 32 ) 


Note that the total leakage ourrents given bjr (27) and (32) are 
inversely proportional to the buffer layer resistivity vhioh implies 
that higher buffer layer resistivity will give rise to a decrease 
in leakage ourrents resulting in' better device performance* However* 
as will be shown later* the buffer layer thickness is critical to 
leakage resistance and currents. 

xt should also be noted that the gate*to-souroe and the drain- 
to-gate leakage currents are the same as the channel-to-source and 
drain-pto-channel leakage currents* respectively. 


III. Performance Parametere 


She eqolvaiant circuit cf N2SFEP Including the leakage elements 
obtained In See.ZX is shown In Flg.8. The performance parameters of 
the device can be obteaned using h-paremeters(Ohkawa, 1975). Using 
simple network theor 7 , the h-parameters of Plg.8 can be obtalnedt>-as foUov 


hii- 




Vj-O 


^ ®as"l®d8 


h,2- 




li,-0 




h,,- -il - 

172*0 


(33) 


(34) 


(3S) 


^ *BV8dg*3"Odg) (36) 


Vhere 


Aiib-' 


*i(i"®g8^~lj) 

^®gs*-sr 


^ds'^^'dsb 


£d8b*3"Cd^dsbW^d 


(37) 


(38) 


(39) 


Pop. the Intrinsic device parameters see Table 2. The drain to gate 
leakage trans conductance g^^ is given by 


ORJOilMAL iS‘ 

OP POOR QUALITV. 


11 


®dg 


• 


•JS 


( 40 ) 


^OS" 


constant 


When no leakage exists In the hufter layer » and are equal to 

aero and resultant h-parameters approaohes to the well- 

known Intrinslo h-parameters(Ohkawa„ 1975)* 

She pertonnance parameters are: 

A* Maximum stable gain (]^ 


IM 


( 41 ) 


B. Unilateral gain U 


IT- 


( 42 ) 


where Re denotes the real part and Zm denotea the Imaginary part* 
Maximum frequency cf oscillation 


^WAT* 


gn 


2/^ 


( 45 ) 




o 
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;I7» Humeri cal Results 

The MSSFBT numerically analyzed in this section has a gate 
length of 1 jx and a width of 500 jk with aa active layer thickness 
of 0;2 ^ and a buffer layer resistivity of 12 •^om. The typical 
intrinsic parameter values for the HSSFST is shown in table 2 
(Uechtir 1976) • Unless otherwise stated » the buffer layer thiclcnesa 
is assumed to be 2 

The comparisons between the performance parameters of the KES7ST 
with and without buffer layer are based on the intrinsic equivalent 
circuit in which the parasitic elements have been negleeted(8ee Flg»S) 

The leakage ctxrrent sources are strongly dependent on the 
resistivity of the buffer layer as shown in (27) and (32). Therefore ^ 
by increasing the .resistivity of buffer layer » the lea3sage currents 

i 

I will decrease which improves the device performance. In Fig. 9 the 
leakage resistance and currents are given as functions of the buffer 
layer thickness, m order to reduceC the leakage » the buffer layer 
thioliQiess must be less than 2 jx* If otherwise leakage will short-circui 
the active layer current. It is' noted that fhis can be 

accounted for by the ezistance of high field region between the drain 
and gate. The variation of the leakage currents with the normalized 
drain bias voltage&Tjjgjj la shown in Fig. 10, where the slopes of the 
curves give the leakage transoonduotances. 

It is shown in Fig* It that F^^^ for the buffered device degrades 
I by a factor of 2 to 4 due to leakage effect. By increasing the buffer 
I layer resistivity and/or decreasing the buffer layer thickness 
I Will improve proportionally. 
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!Ch9 unllateraX and the maacliauni stable galna vs. freqaeaoy are 
found deoreaslng vltb ffequeaoy. But they are muoh lover for the 
buffered device due to leakage effect vhea ooppared with those of 
the Intrlnslo device, as shown In 71ga. 12 and 13. 
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7X. ooBolusloaa 

Sli« leakage effeot la MBS9ES baa teen investigated. It has been 
shown that It the batter layer resistivity is low and/or the batter 
layer thlokness is large* leakage etteot will considerably degrade the. 
device pertorrsanoe. Ve have shown that tor the 1 /k gate^Iength n*Oais 
M£S7£3! it the butter layer resistivity ^ is and the batter 

layer thlokness h is 2 the gains ot device decrease drastically 
from their intrinsic values. Since the leakage resistance is proportion 
to/ and the leakage ourrents are inversely proportional to/ thus 
leakage etteots can be reduced by increasing/* However* both the 
leakage resistanoe and ourrents depend on h more strongly than / thus 
it is advantageous to decrease h tor improving pertormanoe. Ve 
suggest that h should be lower than 2/i« 


// 


preceding page 


u I., A NTs NO'!’ T’l ’ f*’ 
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Table*. 1 


Paraoetera for two^llnear region approximation of gate potential 

distribution 






Ll«t Of Figures 

1» Afleumed KESFEI struoture where s\ 0* asd D* are the virtual 
aeufoe, gate aad dralsi» reapeotiveXsr. 

2. Conformally mapped 'atruotures. Final struoture is the parallel- 
plate (o). 

3* Potential distribution of struoture 
4* Potential distribution of struoture C. 

5 * Leakage resistaaoe between source aad drain when gate is blocked 
(noa-oonduotiag) • 

6* leakage current from gate to source when drain is blocked* 

7 , Leakage current from drain to gate when source is blocked* 

8. She ae equivalent circuit of a EIESFSC with leakage in the ruffer 

layer, where ««» Ios”8ga*'^8' 

9* Plot of leakage elements vs* h for 1 ^ gate length MSSFEP when. 
7|jg»-1.44 volts* 

lOO.Sotal leakage currents vs* for 1 ^ gate length HESFSS with 
' buffer layer thickness of 2 ^ aad buffer layer resistivity t2^-om* 

^HAZ HSSFSP with t ^ .gate length and the buffer layer 

with the resistivity of 12*<^-om and the thickness of 2 /i* 

12* unilateral gain vs* fnequeney for 1 /z gate length HSSFSP with the 
buffer layer thickness of 2/i aad resistivity of 12<A.-cm* 

13* Maximum stable gain vs* £r@q,uenq;r for 1 gate length MESFEP with 
the buffer layer thickness of 2^ aad resistivity of 12A-cm. 
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ABSTRACT 


An analTtical model of the GaAs MBSBST with arbitrary 
non-uniform doping is presented. STumericaX results for linear 
latetal doping profile are given as a special case. Theoretical 
considerations predict that better device linearity and improved 
can be obtained by using linear lateral doping when doping 
density increases from source to drain. 


. 


I. iNTRCEUCTi::: 

ImprQ'''’ed linearity and noise figure in 7KT's with vertical 
nou-uniform doping has been demonstrated by V'iliiams and Shaw(l973), 
Roberts, Lynch, Tan and Lladstone(1973; , Pucel(1978) and Santis( 1979) . 
In this paper we consider the non-uniform doping (along the electron 
motion) in the GaAs layer of the ?2T. T*wo ahvantages in this t3rpe 
of ?ST are anticipated. First if an appropriate profile is used, 
the depletion-channel interface can become more uniform along the 
lateral direction hence better linearity. Secondly, The cut-off 
frequency increase can be realized for certain lateral doping 
profile . 

A general matiiematical analysis is presented in which the 

depletion region potential Is solved from Poisson's equation as 

a bounoary value problem. In the channel we adopt the saturation 

velocity model introduced by Williams and Shaw(l978) which is 

valid for short gate (Sze, 1981). The analysis takes irto accouat 

two-dimensional general non- uniform doping profile. In obtaining 

numerical results howe-ver, a simple linear doping profile alor." 

the lateral direction is assumed, Levice paremeters such as g^, 

C and ?- are given in terms of the gate bias voltage for the 
gs i 

PET with gate length of 0.5 jx. 

In Sec. II the two dimensional potential in the depletion 
region in analyzed. In Sec. I the depletion height h/a, reduced 
potential and channel c'trrent for linear latera-l doping case are 
presented. Levice parameters are obtained in Sec. Z'^ . Conclusions 
are given in Sec. V. 
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II. TWO DIM3NSI0NAL ANAi’^YSIS OP THE 
.DEPIBTION REGION POTENTIAL 

A. General solution 

The two dimensional Poisson's equation is given by 

7^W(x,y)« — f(x,y) (1). 

« dy 

where f (x,y)«qN(x,y)4 » N(x,y) is the x-and-y dependent doping 
density and W(x,y) is the potential in the depletion region as 
shown in Fig. 1. This inhomogeneous second order partial differential 
equation can be solved by using Green's function method where 
equation ( 1 ) will be written as 

=-»(x-r)j(y-.) (2) 

where T and 7 are the dummy variables • The boundary conditions 
associated with (1) are given as follow 


Schotthy gate: 

W(x,y) 

«0 

y»0 

(3) 

Depletion-channel 

Wfx.y) 

■0 

U) 

interf ace : 

d7 

y«h 

Ohmio contact source: 

-MSryll .0 

dx 1 

• lx-0 

(5) 

Ohmic contact drain: 

dw(x.v) 

f 

(6) 


ax 1 



x»i 


where h is the variable depletion layer height and £ is the gate 
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length (see ?ig. 1). It Is the uni<iue property of the operator 
(y^) which is the sum of the two commutative operators which enable 
US- to find an. explicit solution to (1)* Equation (1) oan be written as 

7Vx,y)-KiW(x,y)+K2W(x,y) ( 7 ) 

where and Kg" Friedman (1956) shows that if K^ 

Kg commute. Kg (or ZLf) can be treated as a constant so that the 
partial differential equation (1) becomes an ordinary differential 
equation given by 

+ m^V(x,y)— f(x,y) (8) 

. dx^ 

where m«yK^« Using the boundary conditions given in (5) and (6), 
the solution of (8) becomes 

w(s,y)- 5 /-f(f,y)sln[a(x-rt]dr (S) 

where f(r»7) la the spectral representation of Kg* The eigenvalues 
of m*y^ will be purely Imaginary i*e., m-( jn»)/2h, and consequently 
the sin term in (9) will become sinh. The eigenfunction of K^ can 
be determined by considering the following homogeneous ordinary 
differential equation 

^ ■►l^V(x,y)»0 (10) 

dy"^ 

“V^« Using boundary conditions given in (3) and (4), the 


where X 


4 


eigenfunctiozis of W can be obtained and they would be of the form 
sinxy where X-(n«y)/2h (n»1 ,3i5». .)• Because of the fact that W 
Is orthogonal it can be normalized to unity , let 


f(r,y)- 



( 11 ) 


where 


/•!» 

Jn 


( 12 ) 


where 2/h is the normalization factor. Substituting (12) into (11 )» 
the spectral representation of ^2 can be obtained and is given by 

d’> f(r.’>)8in(jP) (13) 

ntodd •'0 


note that f(r»*f) includes the general doping density in dummy 
variables , i.e. , f(x,y)-qN(x,y)/« . She depletion region 
potential V(x,y) of the BBS with general two dimensional doping 
density can be obtained by substituting (13) into (9) and it is 
given by 


W(Xsy)»- (1/n)ain(U^) 


(U) 


5 


B. Uniloro doping profile 

Vfhereae ec^u&tion (14) sa'tisfies (1) and ite boundar7 oonditions 
as can be verified, it reduces to tbe solution for uniform doping 
(Pucel, 1975) by setting N(r,»»)-Ho la (U). Thus at the interface 
(y«h) oq.uation (14>) becomes 


— 2-( 
fUiOdd 


(1/n)sio( -fl) f\: fin aia( (15) 

«/ •'n 


After integration and some algebra, equation (19) becomes 

. 2 , 


W(x,h). ^ (1/n’)aln(-|i) 


(16) 


n«odd 


The identity 


^(l/n^)sia(-|2L)- ^ 

ntodd 


(17) 


can be applied to (16) to give the depletion region potential in 
a uniformly doped ?ET, i«e«, 


V(x,ll)-WQg( I )2 (18) 

which is identical that obtained by Pucel (1975)* '^00 is the 


pinch-off potential of a uniformly doped ?BT. 


W, 




00 "ST" 


(19) 


Bote that there is no well-defined pinch-off potential for non- 
uniformly. doped PET. 
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III. LINEAR LATERAI DOPING PROFILE 

For the special case of lateral doping* N(r»'f)*°N(f) in 
equation (14) » where n(D is the lateral doping profile, therefore* 
the depletion region potential for lateral doping becomes 

W(x,y)-^T' (1/a)8ln( fgt) /df/d-i H(f)sin( ^)8lnli[g(x-r)] (20) 
ifTodd •'0 

A. Depletion height and reduced potential distribution 
For linear doping let 


N(0-Nq(1+«0 


( 21 ) 


where « is the rate of change of doping density which increases 
with/ (or x) if «>0 and decreases if oe<0. Nq is assumed to be 
10^*^ cm"*^. Substituting (21) into (20), 

W(x,y)— (1/n)sln( |^) /ldj/d>» (U«ftsin(|gi)sinhC22(x-S)3 

ifeodd *4) (22) 

After integration with respect to ^ , (22) becomes 

W(x,7)— ^ (1/n^)8lo( ^KA^+Aj) (23) 

■* ‘ n<edd 


where 


Or 


Ai-^/tf alnli[g(x-/ )] 
A2--/dJ.f,8iaH[ff(x-^)] 

Ai“ ^ 


( 24 ) 

(25) 

( 26 ) 




S-ac 


ShUB 


and 


‘i-H 


k . 2h<BOc 

V" "w 


< 27 ) 


(28) 

(29) 


Therefore equation (23) becomes 

8qhHo 

hsodd 


W(x,y)— ^ (1/a‘‘)sin; 


# 2h ^ 2heoc \ 
air “ air ^ 


or 


(30) 


2 

V(»»y)- (1/n^)sia( §|5^)(1+ax) (31) 

IT 6 nsodd 

At depletion-channel interface, i.e., y«h, the depletion region 
potential V(z,y) becomes 


W(x,h)« -^2,f-^2-(i+o<x) (1/a^)sia(-|2^) (32) 

Hsodd 




Using the identity described in (17)» equation (32) reduces to 

qh^Hn 

V(z,h)-i 2^" '0-H»x) (33) 

The reduced potential u which is the same as. w of Pucel (1973) can 
be obtained as follows / 


(34) 


where is given in (19)* Because <x plays an important role in our 
analysis, its range and limitation need to be considered. Vhen 


Otis too small, the doping becomes almost 'iniform, however, o< can 
not be too large for otherwise the semiconductor will become 
j .. degenerate • We shall consider the two oases, i»e«, small 
I and large o^ (|o<j?Uo.9> where the gate length is assumed to be 0.6/^ 
I (i). Small c<(lot;e|«0.1) 

?n this case the normalized depletion height h/a becomes 
almost uniform in the saturation velooity model (Sze, 1981),i.e., 
u-s where s«u(0,h). Therefore (34) bewcmes 



VOiere s is the reduced potential at the source and is given by 
(Pucel, 1975) 


Where is the gate-source bias voltage and <P la the barrier 
potential* 

(il), large ot(|«J(|-o.9) 

In this case it is necessary to calculate the potential 
7(x) in the channel. Prom Pig. 1 andU equation (34), 



V(x)= -{Tgg*«)+W(x,h)-W(,Q[tt*(jc,li)-82] (37) 

Under the commonly used assumption of neutral channel, where the 
carrier and doping densities are the same, the Poisson's equation 
becomes 


d^7(x) 

dx^ 


c=0 


(38) 


The assumption of neutral channel is reasonable for high doping 
density. It is obvious that the, solution of (38) is 7(x)«Ax+3, 
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V/here A and B are constant to be determined. Using the conditions 
that 7(0) ««0 (source is grounded) and V(^)-V^g (drain-source bias 
potentiaD.y.'One obtains • B-0^ . and A«7^g/^. Therefore the channel 
potential 7(x) becomes. 

V(x)-(7^g/j?)ac (39) 


From (37) and (39)»the reduced potential u(x«h) can be obtained 
and is given "by 


u(x,h) 





X 


(40) 


And from (34) the normalized depletion height h/a can be obtained 
and is given by 


a \/ i + c<x 


(41) 


Where (41) implies that as « Increases, the 

height of the depletion region is no' longer a constant and varies 
with o<and x. 

BoOhannel Current 

The total currant consists of the conduction current and 
diffusion current. However, in the neutral channel the diffusion 
current can be neglected. Also neglected here is the small band- 
gap narrowing effect due to doping variation. 

The conduction current is given by 

t 

I(x)«qn(x)VgA (42) 

Where q is the electron chairge, n(x)=tlQ(1+d<x) is the carrier 
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(or dopijig) density, is the saturation velocity and 
A(x}«s[a»h(x)J is the eross-seotional area(s is the device vldth). 

Thus from (42) ve have . . 

1 Cx)-qNQ( 1 ei x) [l - Msy azVg ( 43-a) 

In equation (43-a) (which is equiv^ent to (6) of Pucel, 1975) i the 
current is a function of h(x) and n(x) • Therefore the total average 
current I (^hlch is constant) is obtained by integrating (43-a} 
from x«0 to xa^ 

I-^J I(x)dx («-b) 

Thus ror small o< hCxJ/ans (see (35)), and the total average 

current becomes 

I.qTgZaHQ(1-s)(1+ (44) 

# 

And for large 0((|oCj?|aO*9) , the total average ctirrent oan be obtained 
from (43) » aud is given by ^ 

I . <1* (45) 

It is convenient that we preform the integration in u instead 
of X. Prom (40) we :Jolve x in: terms of u, 


X- 

Man 


Substituting (46) into (45) we .get 

.a 


( 46 ) 


dsn I Man y Msn 


'U 


du (47) 


Where d is the reduced potential at the drain» and Is given by 
(Pucel, 1975) 


T •'‘T53 


(«) 


Equation (44) for small M and (47) for large et are dependent ok> 
the gate bias voltage, their transfer oharaeterlstlos as fuaetlons 
of (T-.v^)/Vog ■■ 0 ^ are shown In ?lg. 2. For the purpose of 

® t 

numerical caloulationt it is specified that *67X10^ cm for 
small o< and o<«1.5X10'^ cm~^ for large oc . Thus for example, for 
67X10^ cm*^, N(x) decreases from 10^*^ cm*^(source) to 
9X10^® cm"^ (drain), or for o<-i,5X10^ cm"\ N(x) increases from 
10^*^ cm"^(source) to 1.9X10^*^ cm^^Cdrain) • The gate length is 
assumed to be 0*6 ^ and the drain-source bias voltage is assumed to 
be high enough to ensure saturation, l.e., V^g.Wgg. 

?ig. 2 shows significant improvement in linearity when ^ 
is large. However, when channel pinches off quickly at low 

gate-source bias voltage. The reason why it pinches off so fast 
is that both the channel opennin^^ and the carrier density are 
decreasing functions of x (see^sT). Therefore, the voltage swing 
is very much limited and devices with are of little use. 

When 04 is small, there is no significant difference in the 
transfer characteristics when compared with uniform doping (o4n0) 
as it should be. / 
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17. DB7ICB PARAMETERS 

The small-signal parameter's for the cose of linear doping 
Is presented in this secU-on. Tho parameters of a .typical PET iS ' . 
assumed to he a*500 jXt a»0.2 yu, cm"^, Eg«4.44 Z7/em» 

6^»12.5f ^*4500 cn^/7-seo., 4 "0.8 7, and 0.9) • 

A. Trans conductance ^ 

The trans conductance is defined as 




hi 


, ( hi ha 


hi 

1ST 


'ds 



(49) 


When oi is small, the transconductance can he obtained using (44) 
and (49) and is given hy 


®“ L . ^ ■ ' 2W a° 

(h/a)-s ‘^"OO® 


(50) 


When Oi is large, equation (47) can he numerically differentiated 
according to (49). The transconductance for small and large are 
shown in Fig. 3. As expected, for small ot,the variation of with 
gate bias voltage approaches to that of the uniform doping. However, 
as |o(i| approaches uzxity there is significant improvement in linearity 

Sj,. 

B. Gate-to-source capacitance C-. 

According to pucel (1975)/ the total charge cn the 
gate electrod is given hy 


Co^ 



( 51 ) 
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Where £ la the y~componen.t of the electric field defined as 

2W 

. _^(h/aKU«*) -(52) 

|y-o 


Differentiating (14) with respect to y, By hence Qg can he evaluated, 

ed £ 
sQc 


Cgg is defined as (Ducel, i975) 

'ga" 57^ 1 TSs 


*5^1 

l^da l^ds 


(53) 


For small o4f can he obtained from (51) and (52), 
ts 

; (54) 




And from (5I>)* C_- becomes# 

VI 

|h/a^8 


(i 




(55) 


For large o(» becomes 

Q.!i^£s! 


?29l f(u 


o^r)(h/a)dx 


(56) 


Where h/a is given in (41). Substituting (56) into (53) i Cgg for 
large U can numerically be evaluated. Fig. 4 shows that the rate 
of change of Qg with (7gg**’^^QQ 4s larger for smalloC than that 
for large o<. I'his implies that Cgg decreases as|o<| increases, as 
shown in Fig. 4. 

C. Cut-off frequency 

The unit gain cut-off frequency is given by 


It is shown in Fig. 5 that for does not vary with 7gg and 

F-. for large. oi (where *0.9, as an exajn^le) is almost twice as 

M 

large as Fj for small and vanishing ct* Ihis Improvement in Fj can 
he accocnteci for hy the increase in g^^^ and decrease la Cgg due to 
the non-unJ.formity of doping. 


V, CONCLUSIONS 


Axialytical solution of potential In (4JSS7ET's with arbitrary 
doping profile have been presented. The linear doping profile has 
been treated as a special case, in detail. Numerical results on 
device parameters for linear lateral dopi^ profile are presented 
and compared .with those for un^^om doping. It is shown that there is 
signiflcart Improvement in linearity aa |o«f| approaches toward 
unity. The transconductance of the FBT is fourd to be larger for 

vO, 3 than that for ^{j^^O.I. This Improvement in ^ can be accounted 
for by the increase ir. carrier density In the channel. Significant 
improvement in can be realized for FFT's with Increasing doping 
density from source to drain(i.e.,oc^O). The analytical solution 
presented here is sufficiently general_ and it can be applied to 
other types of profiles such as exponential, power law and step' 
for either vertical or lateral doping or their combinations. In 
futtire these topics will be investigated. Although experiments 
on vertical non-uniform doping have appeared, none has been available 
on lateral or general doping. Our theory predicts that the device 
performance depends on doping profile. Optimum lateral and vertical 
doping will be shown to be important for FBT power amplifier. 
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